Laboratory studies were conducted to examine the sorption of selected radionuclides ( 234 Th, 233 Pa, 210 Po, 210 Pb, and 7 Be) onto inorganic (pure silica and acid-cleaned diatom frustules) and organic (diatom cells with or without silica frustules) particles in natural seawater and the role of templating biomolecules and exopolymeric substances (EPS) extracted from the same species of diatom, Phaeodactylum tricornutum, in the sorption process. The range of partition coefficients (K d , reported as logK d ) of radionuclides between water and the different particle types was 4.78-6.69 for 234 Th, 5.23-6.71 for 233 Pa, 4.44-5.86 for 210 Pb, 4.47-4.92 for 210 Po, and 4.93-7.23 for 7 Be, similar to values reported for lab and field determinations. The sorption of all radionuclides was significantly enhanced in the presence of organic matter associated with particles, resulting in K d one to two orders of magnitude higher than for inorganic particles only, with highest values for 7 Be (logK d of 7.2). Results further indicate that EPS and frustule-embedded biomolecules in diatom cells are responsible for the sorption enhancement rather than the silica shell itself. By separating radiolabeled EPS via isoelectric focusing, we found that isoelectric points are radionuclide specific, suggesting that each radionuclide binds to specific biopolymeric functional groups, with the most efficient binding sites likely occurring in acid polysaccharides, iron hydroxides, and proteins. Further progress in evaluating the effects of diatom frustule-related biopolymers on binding, scavenging, and fractionation of radionuclides would require the application of molecular-level characterization techniques.
The chemical interactions between trace elements and dissolved and particulate chemical constituents in the ocean, as well as particle and colloid scavenging reactions by organic and inorganic phases, are important factors controlling the trace elemental composition of seawater (Hurd and Spencer 1991) . The major part of oceanic particulate matter is related to the production of biogenic organic matter, although suspended particles may also contain terrestrially derived clay minerals, especially in estuaries and nearshore environments. About half of the global primary production takes place in the oceans (Longhurst et al. 1995; Field et al. 1998) . Photosynthetic activity by phytoplankton in the surface ocean is a major driving force in sequestering the greenhouse gas carbon dioxide . The global net primary production from oceanic phytoplankton is estimated as , 45-50 Pg C per annum (Longhurst et al. 1995) , driven by a phytoplankton biomass of , 1 Pg C, which is roughly 0.2% of the photosynthetically active carbon biomass on Earth Field et al. 1998) .
Diatoms are arguably one of the most important contributors to global carbon fixation and the cycling of biologically relevant elements. These microscopic, eukaryotic phytoplankton species carry out about one-fifth of the photosynthesis on Earth (Armbrust 2009 ) and are estimated to contribute up to 45-48% of the global oceanic primary production (Nelson et al. 1995; Mann 1999) . The cell wall of diatoms is composed of an architecturally elegant, siliceous frustule encased in an organic coating (Reimann et al. 1965) and templated by specific biomolecules (Krö ger and Poulsen 2008) . Biogenic silica derived from diatoms is also believed to be partly responsible for the scavenging and fractionation of many of the particle-reactive radionuclides, such as 231 Pa and 7 Be (Walter et al. 1997; Chase et al. 2002) . The 231 Pa : 230 Th ratio has been used as a proxy in paleoproductivity studies as well as to assess boundary scavenging and ocean circulation (Anderson et al. 1983; Kumar et al. 1995; Walter et al. 1997 ). However, results from both field and laboratory studies found that thorium : protactinium ratios in suspended or sinking particles can vary as a function of particulate chemical composition, sampling location, depth, and size (Li 2005) .
Both field and laboratory studies have shown selective and compound-specific interactions of 234 Th with marine organic matter Roberts et al. 2009; Xu et al. 2011a ) that is partly originating from diatoms. Recently, a set of phosphoproteins and long-chain polyamines (e.g., silaffins and cingulin) isolated from diatom frustules were shown to be responsible for the assembly from nanoparticulate opal that is then generating networks of silica nanospheres (Krö ger and Poulsen 2008; Scheffel et al. 2011) . Knowledge of the chemical composition of this organic template present as inner and outer coatings of diatom cells is important for identifying the biomolecules responsible for scavenging particle-reactive radionuclides. Therefore, understanding the molecular nature of these organic coatings, their embedded substances, and probable fate in aquatic environments could have important consequences for the interpretation of the geochemical cycling of particle-reactive radionuclides and for paleooceanographic studies.
The aim of the present study was to examine the role of biogenic silica-related biomolecules on the sorption of 234 Th, 233 Pa, 210 Pb, 210 Po, and 7 Be. The diatom species selected for the present study is Phaeodactylum tricornutum. Unlike most diatoms, P. tricornutum can grow in the absence of dissolved silicate, and the biogenesis of silicified frustules is facultative. This provides a unique opportunity to explore whether the silicified frustules or the organic matter attached or embedded on the diatom frustules, such as exopolymeric substance (EPS) or silaffins, are the main carrier phases responsible for the radionuclide uptake. Furthermore, P. tricornutum is both a tychopelagic and an estuarine species. According to Kräbs and Bü chel (2011) , this diatom species is thus widely distributed in the coastal ocean, as it grows well in salinities ranging from 5 to 70. Partition coefficients (K d ) of selected radionuclides with these organic and inorganic silica particles (i.e., pure silica particles and acid-cleaned diatom frustules with organic matter removed to , 1%) and diatom cells grown with or without their silicified frustules were thus examined. By characterizing the EPS composition and separating the radiolabeled EPS using isoelectric focusing (IEF), our findings reveal the radionuclide-specific binding of biomolecules and thus lead to a better understand the role of diatoms in the biogeochemical cycling of radionuclides.
Methods
Diatom cultures, sample preparation, and EPS extraction-P. tricornutum (UTEX 646) was selected for culturing in autoclaved f/2 and f/2-Si media (salinity of 26) at a temperature of 19 6 1uC with a light cycling of 14 h : 10 h under a saturating irradiance of 100 mmol quanta m 22 s 21 . In order to deplete the diatom of Si supply, cultures were transferred into f/2-Si medium over at least six generations by harvesting cells (2694 g, 30 min) and resuspending them in fresh f/2-Si medium. Sterile polycarbonate bottles were also used to prevent Si supply from glassware. The growth status of P. tricornutum was monitored by changes in optical density at 750 nm. Cells, frustules, and EPS were collected when P. tricornutum reached the stationary phase.
Laboratory cultures of P. tricornutum were centrifuged (2694 3 g, 30 min) and filtered (0.2 mm) to collect the whole cells. The frustules were repeatedly treated by using a hydrogen peroxide (30%, room temperature) treatment until bubbles were no longer generated, followed by concentrated nitric acid (HNO 3 ) digestion (85uC, 1 h) to remove organic matter adopted from Robinson et al. (2004) . The resulting organic carbon (C), nitrogen (N), and sulfur (S) contents of the cleaned frustules were measured using a Perkin Elmer CHNS 2400 analyzer to ensure the removal of organic materials using cysteine as a standard according to Guo and Santschi (1997) .
EPS extraction was followed the procedures described in Xu et al. (2011b) , which minimize cell rupture and molecular alterations and maximize extraction efficiency. EPS here is referring to those biopolymers that are attached on the diatom frustules. Hereafter, EPS Si + and EPS Si 2 denote the EPS extracted from diatoms cultured under Si-replete (f/2 medium) and Si-depleted (f/2-Si medium) conditions, respectively. Briefly, laboratory cultures were centrifuged (2694 3 g, 30 min) and filtered (0.2 mm) when diatoms reached stationary phase. The diatom cells were soaked with 0.5 mol L 21 sodium chloride (NaCl) solution for 10 min and followed by centrifugation at 2000 3 g for 15 min to remove the medium and weakly bound organic material on the cells. The pellet from previous step was resuspended in a new 100 mL 0.5 mol L 21 NaCl solution and stirred gently overnight at 4uC. The resuspended particle solution was ultracentrifuged at 12,000 3 g (30 min, 4uC), and the supernatant was then filtered through a 0.2 mm polycarbonate membrane. The filtrate was desalted and collected with a 1 kDa cutoff cross-flow ultrafiltration and diafiltration membrane and then freeze-dried for later use.
Characterization of exopolymeric substances-After partitioning EPS collected from lab cultures into aliquots for freeze-drying, subsamples were analyzed for individual components. Concentration of total carbohydrate (TCHO) concentration was determined by the TPTZ (2,4,6-tripyridyl-s-triazine) method using glucose as the standard, and uronic acids were measured by the meta-hydroxyphenyl method using glucuronic acid as the standard (Hung and Santschi 2001) . Protein content was determined using a modified Lowry protein assay, using bovine serum albumin (BSA) as the standard (Pierce, Thermo Scientific). C, N, and S contents were determined as described above. Iron was measured using an atomic absorption spectrometer (Varian) after overnight digestion with 12 mol L 21 HNO 3 at 85uC (Von Loon 1985) .
To evaluate the protein size distribution pattern in EPS Si + and EPS Si 2 , sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according to Sambrook et al. (1989) using standard molecular weight markers (Dual Xtra Standards, Bio-Rad). Individual amino acids were analyzed by a reverse-phase Waters high-performance liquid chromatography (HPLC) system with an Alltech Alltima C18 column (5 mm, 250 3 4.6 mm), using precolumn O-phthaldialdehyde derivatization methods (Duan and Bianchi 2007) . Seventeen individual amino acids were identified and quantified using a fluorescence detector (excitation and emission: 330 and 418 nm) on the basis of an internal standard, norvaline, and 17 individual amino acid standards (Sigma) as external standards. For all HPLC work, Waters Empower 2 software was employed to operate the system and to acquire and integrate the chromatograms. Fourier transform infrared spectroscopy (FTIR) was used to characterize samples using a Varian 3100 model interfaced with a single reflection horizontal attenuated total reflectance (ATR) accessory (PIKE Technologies). A diamond plate was used as the internal reflection element. A freeze-dried EPS sample was mounted at the surface of the diamond. Absorbance spectra from 800 to 2000 cm 21 were collected and integrated using Varian Resolution Pro 4.0 software. ATR-FTIR spectroscopy provides a noninvasive way to quickly gain information about the contents of major secondary structures of biopolymers (Xu et al. 2011b; Jiang et al. 2012) . Major infrared (IR) peaks were assigned according to Xu et al. (2011b) and Jiang et al. (2012) . Characteristic bands found in the IR spectra of proteins and polypeptides include the amide I (1652-1648 cm 21 ) and amide II (1550-1548 cm 21 ) band. The absorption associated with the amide I band leads to stretching vibrations of the C5O bond of the amide, and absorption associated with the amide II band leads primarily to bending vibrations of the N-H and C-N bond. The symmetric stretching peak due to deprotonated carboxyl groups is observed at 1400 cm 21 along with the CH 2 bending mode at 1455 cm 21 . In the 800-1200 cm 21 regions, responses from C-O, C-O-C, P-O-P, C-O-P, and ring vibrations of the main polysaccharide functional groups are present in polysaccharide mixtures. The peaks at 1241 and 1113 cm 21 correspond to P-O stretching in phosphate groups.
Sorption experiments-Natural seawater, collected from the Gulf of Mexico with a salinity of 35.0, was sequentially filtered through a 0.2 mm polycarbonate cartridge and ultrafiltered with a 1 kDa cutoff membrane to remove particulate and colloidal organic matter (Guo et al. 1995; Roberts et al. 2009; Chuang et al. 2013 ). The , 1 kDa ultrafiltrate fraction was then used for all sorption experiments.
The 234 Th tracer was purified and extracted from a 238 U solution (Quigley et al. 2002; Alvarado Quiroz et al. 2006) ; 233 Pa, in equilibrium with 237 Np, was obtained from Pacific Northwest National Laboratory; 210 Pb and 210 Po, in 1 mol L 21 HNO 3 and 2 mol L 21 hydrochloric acid (HCl), respectively, were purchased from Eckert & Ziegler Isotope Products, and the 7 Be tracer solution (in 0.1 mol L 21 HCl) was manufactured at the Paul Scherrer Institute, Switzerland .
Sorption experiments were carried out with all five radionuclides and four different types of particles: pure silica particles (SiO 2 , , 5 mm, Sigma), acid-cleaned diatom frustules (OC , 0.1%), and whole diatom cells cultured with f/2 and f/2-Si medium. Frustules and diatom cells have a similar width and length size of , 3 and 20 mm and thus can be assumed to have similar specific surface areas. Moreover, all particles used in this study have similar specific surface areas based on geometrical arguments when SiO 2 is calculated as a sphere with radius 5 mm and the frustule is calculated as a cylinder of radius of 3 mm and length of 20 mm.
Noncomplexing 20, 10 mmol L 21 Tris-HCl buffered seawater (, 1 kDa) solutions were transferred into acid-cleaned experimental tubes to precondition container walls for at least 24 h to reduce tracer adsorption. The buffer capacity of Tris-HCl also neutralized the acidic radionuclide tracer solutions, avoiding pseudocolloid generation by sodium hydroxide (NaOH) (Roberts et al. 2009 ), and maintained the pH at 8.0 6 0.2. Ten milliliters of seawater were added to the preconditioned tube, and then 10-15 Bq of radionuclide tracers (at equilibrium) were added. Solutions were then gently shaken and left to equilibrate overnight. Next, different types of particles were added to the seawater, resulting in a final particulate concentration of about 2 mg L 21 . This concentration is within the range of suspended particulate matter concentrations in nearshore waters, ranging from , 1 mg L 21 in open ocean waters (Guo et al. 1997) to tens to . 100 mg L 21 in the nearshore marine environment and estuarine waters (Baskaran and Santschi 1993) . This amount also allowed accurate weighing and quantitative recovery of particulate matter from our small experimental system. The experimental system was stirred for 48 h to reach partitioning equilibrium of nuclides between particulate and dissolved phases . After that, the experimental solution was filtered through a 0.2 mm pore size polycarbonate filter (Millipore). Before sample filtration, the filter and filtration system were pretreated with ultrafiltered seawater to reduce the adsorption of radionuclides. Both the filter and the , 0.2 mm filtrate were collected to measure activities of selected radionuclides. 210 Pb, and 7 Be were measured by gamma counting the 63.5, 312, 46.5, and 477.6 keV lines, respectively, on a Canberra ultra-highpurity germanium well-type detector. The 210 Po activity was analyzed by liquid scintillation counting (Beckman Model 8100 Liquid Scintillation Counter). The filter samples (. 0.2 mm particulate phase) were soaked with 1 mol L 21 HCl for 20 min in a counting vial, and the filtrate samples (, 0.2 mm dissolved phase) were transferred into counting vials directly. Both filter and filtrate samples were then counted for activities of each radionuclide. All reported activities were decay and geometry corrected.
233 Pa was added in equilibrium with 237 Np. Under a wide range of environmental conditions, aqueous neptunium speciation is believed to be dominated by the pentavalent cation NpO z 2 . Np(V) is relative soluble and tends to remain in the water phase, unlike other actinides, such as Pu and Am, which are readily adsorbed by particles in the environment (Atwood 2013 ). In our absorption experiments, 237 Np activities could be found only in the dissolved phase for all samples, supporting the assumption that 237 Np would not adsorb onto particles during the time for which decay and in-growth corrections of 233 Pa were applied.
Traditional partition coefficients (K d ) between dissolved and particulate phases were used to quantify the sorption of radionuclides onto different particles in different experimental systems. K d was defined here as
where A p and A d represent particulate and dissolved activities (Bq L 21 ) of radionuclides and C p is the particle concentration (kg L 21 ; Honeyman and Santschi 1989; Guo and Santschi 1997) .
Isoelectric focusing of radionuclide-labeled EPS-EPS Si + and EPS Si 2 were incubated separately with 234 Th, 233 Pa, 210 Pb, 210 Po, and 7 Be, respectively, for subsequent IEF electrophoresis separation to determine the pH IEF of selected radionuclide binding ligands (Alvarado Quiroz et al. 2006) . Briefly, radiolabeled biopolymers and 140 mL of rehydration solution were loaded onto an immobilized pH gradient strip (General Electric Healthcare Immobiline Drystrip, pH 3-10, 11 cm) and were reswelled overnight. Afterward, the strip was loaded into the device for isoelectric focusing for 17.5 h. The strip was then cut into 11 1 cm pieces and followed by 1% SDS extraction overnight. Five radionuclide activities of each fraction were subsequently analyzed. Due to the limited amount of each strip fraction, selected chemical compositions (TCHO, proteins, and Fe) of individual fraction were characterized as described above.
Statistical analysis-Student's t-test was performed using the IBM Statistical Package for the Social Sciences software package. K d is represented with mean 6 1 standard deviation (SD). Each experiment was performed in duplicate; p-values of , 0.05 were used for decisions of statistical significance.
Results
Partitioning of 234 Th, 233 Pa, 210 Pb, 210 Po, and 7 Be between dissolved and silica particles-Our experimental sorption results indicate that for acid-cleaned silica frustules from the diatom P. tricornutum, logK d values were similar to commercially available pure silica for the selected radionuclides ( 234 Th, 233 Pa, 210 Pb, 210 Po, and 7 Be). Most importantly, they were one to two orders of magnitude lower than those of untreated whole diatom cells regardless whether they containing silica shells (Fig. 1) Fig. 1) . Furthermore, the averaged logK d values to whole diatoms in our experiments varied among the selected radionuclides, following the order of Be . Pa , Th . Pb . Po in these sorption experiments, showing that the affinity to biogenic silica varied among the different radionuclides (Table 1) .
Composition of EPS extracted from P. tricornutum under Si-depleted and Si-replete conditions-The composition (C, N, S, proteins, and uronic acids, TCHO, and individual amino acids) of two types of diatom EPS (EPS Si + and EPS Si 2 ) are given in Table 2 . Maximum relative standard deviation for each analysis was 1%. Amino acids categorized based on the nature of their side groups were then compared for Si + and Si 2 conditions. Overall, EPS Si + showed higher concentrations of most organic compounds than EPS Si2, except for TCHO%, which was higher in EPS Si 2 ( Table 2 ). The same feature was also found in the ATR-FTIR spectra of these two EPS samples (Fig. 2) . Characteristic bands found in the IR spectra of proteins and polypeptides include the amide I (1652-1648 cm 21 ) and amide II (1550-1548 cm 21 ) band. In the 800-1200 cm 21 regions, responses from C-O, C-O-C, P-O-P, and C-O-P and ring vibrations of the main polysaccharide functional groups present in polysaccharide mixtures. The peaks at 1241 and 1113 cm 21 correspond to P-O stretching in phosphate groups. In summary, amide, carboxyl, and phosphoryl functional groups were observed in two different EPS samples. Overall, the EPS Si + sample (Fig. 2a) showed significantly higher intensities in peaks in amide I and amide II regions, while the EPS Si 2 sample (Fig. 2b ) had higher polysaccharides, phosphoryl, and carboxyl functional group responses. The compositional distinctions are also well reflected in the difference spectrum (Fig. 2c) . The increase in the relative intensity of the band assigned to polysaccharides and the decrease in the relative intensity of the band assigned to amide I and II clearly indicate the compositional changes of EPS extracted from diatom cells that were experiencing Si 2 deficiency.
Results from amino acid analysis also support that the EPS Si + sample had a higher concentration of total proteincontaining biomolecules than the EPS Si 2 sample (Table 2 ). In general, the amino and acid groups dominate the properties of individual amino acids. However, when amino acids combine to form proteins, it is the properties of the side chains only that determine the properties of the protein. Based on the nature of their side groups, we classified identified amino acids into six categories (Table 2; Fig. 3 ). Results showed that the total amount of amino acids in each group from two different EPS followed the same order of carboxylic .. aliphatic < hydroxyl < amino . sulfur . aromatic groups (Fig. 3) . The two different EPS samples had the same pattern of amino acid composition but with different amounts in each group (Fig. 3) . Consistent with other compositional analysis, the EPS Si + sample had higher amounts in each group of amino acids. Moreover, SDS-PAGE results from EPS Si + and EPS Si 2 samples also showed a similar pattern in protein size distribution, and with higher amounts in the EPS Si + sample than in EPS Si 2 (Fig. 4) .
Isoelectric focusing of radiolabeled EPS-Results from IEF profiles (Fig. 5) indicate that different functional groups in EPS bind the different radionuclides very selectively. Specifically, more than 30% of the 234 Th labeled EPS was concentrated below pH 4, while 233 Pa showed a broad pH IEF peak at higher pH of 3-6. Even as a pair of mother-daughter radionuclides, 210 Pb and 210 Po still showed different patterns in their IEF profiles. For 210 Pb, more than 40% of labeled EPS was found above pH of 9 with a minor fraction concentrated below pH 3, and 210 Po showed a main pH IEF peak at pH 6, with a subpeak at around pH 3. 7 Be showed the greatest abundance in the basic pH range . 8 and a minor abundance fraction in the acidic pH range of 3.
Results from compositional analysis of IEF sections are shown in Fig. 6 . For proteins, , 20% were concentrated on the segment with a pH of 5.5 and with a minor peak at pH , 4. Total polysaccharides had a major peak at pH 5 and two minor peaks at pH , 4 and pH . 8. For Fe, two distinct peaks could be identified at pH 4-5 and , 8, respectively. Similar to the results for radionuclides, proteins, total polysaccharides, and Fe contents had similar IEF profiles for both EPS Si + and Si 2 samples. Consensus IEF spectra further implied that carrier molecules for each nuclide had similar electric charge properties (Figs. 5, 6 ).
Overall, 234 Th and 233 Pa seemed to be complexed mainly by negatively charged organic macromolecules, with low pH IEF around 3-5 (Fig. 5a, b) and where some of the Fe, proteins, and acid polysaccharides also accumulated Anderson et al. (1983) . In this study, Cell P.T. Si + and Cell P.T. Si 2 refer to whole diatom cells of P. tricornutum with and without silica frustules, respectively.
Nuclides
Particle (Fig. 6 ). It has been suggested from field results that uronic acids could be carrier molecules or proxies for 234 Th in the ocean Santschi et al. 2003; Xu et al. 2011a ). However, uronic acid analyses were not possible here due to limitations in sample availability. Most of 210 Pb and 7 Be activities were found at pH higher than 8, coinciding with relatively high amounts of Fe (Figs. 5c, d, 6c) , suggesting that their carriers were composed mainly of neutrally charged Fe-related carrier molecules. Finally, 210 Po-labeled EPS was immobilized at around pH 6 in the electric field (Fig. 5e) , a pH close to the isoelectric points of many proteins (Fig. 6a ). Due to a predominance of weakly acid residues, almost all proteins lose their charge slightly below the neutral pH range.
Discussion
Role of diatoms in the scavenging of particle-reactive radionuclides-Silica frustules from cells of diatom P. tricornutum that were extensively acid washed to remove both surface organic coatings and tightly bound templating biomolecules embedded in the silica shell (e.g., silaffin) until the final OC concentration was , 0.1% were used for sorption experiments. These silica frustules showed similar logK d values to a commercially available pure silica for all five radionuclides ( 234 Th, 210 Pb, 233 Pa, 7 Be, and 210 Po). Most importantly, logK d values of radionuclides on pure and cleaned frustule silica particles were significantly, by one to two orders of magnitude, lower than those of whole diatom cells when the templating biomolecules were still intact. No significant differences in the logK d values of each radioisotope between whole diatom cells with or without silica frustule were found, except for 210 Pb. For 210 Pb, the logK d values were even significantly higher for the sorption with diatom cells without a silica frustule ( p , 0.05). Most importantly, results attested that the presence of silica was not necessary and responsible for enhancing the sorption of radionuclides onto particles (Table 1; Fig. 1 ), as is traditionally assumed. It is, however, necessary that associated biopolymers are interacting with mineral (silica) phases in such a way that binding sites remain accessible to solute ions and molecules.
Pure silica has been shown to be a relatively poor sorbent in seawater for all selected radionuclides (Table 1; 234 Th  and 233 Pa, summarized in Roberts et al. 2009; 210 Pb, 210 Po, and 7 Be, summarized in Yang et al. 2013) . In the present laboratory experiments, using pure and acid-cleaned silica particles or frustules, we obtained quite low values of K d . As a matter of fact, if one would wanted to obtain 10% of a dissolved radionuclide to sorb onto pure silica (e.g., opal) particles, this would require logK d values of 6-7, given typical particle concentrations of 10-100 mg L 21 in the ocean (Guo et al. 1995) . However, typical logK d values for pure opal phases are 5 or less for these radionuclides, corresponding to A p : A d ratios (Eq. 1) of 0.01-0.001, or 0.1-1% of their dissolved activities of these radionuclides in oceanic environments would be present in the particulate phase, which is contrary to observations (Roberts et al. 2009; Yang et al. 2013 ). This suggests that there must be other carrier phases responsible for radionuclide complexation and scavenging that occur in conjunction with opal production.
Furthermore, our observed trend of K d values of selected radionuclides is also consistent with what was found in the field and laboratory studies. For example, Chase et al. (2002) showed that Be and Pa had higher K d values than Th when extrapolated to 100% opal particles. Describing logK d values of Th, Pa, and Be as a function of %opal in the particulate matter, correlation coefficients (c Th 5 20.77, c Pa 5 0.67, and c Be 5 0.85) followed the order of Be . Pa . Th, suggesting that biogenic opal binds Be more strongly compared to the other radionuclides or other particles in the ocean (Chase et al. 2002) . The logK d values reported in a controlled laboratory study (Yang et al. 2013 ) also showed the same trend of Be . Pb . Po, similar to our results here using pure or acid-cleaned silica or frustule particles. Contrary to our work, Chase et al. (2002) obtained their K d values by extrapolating to 100% silica or CaCO 3 from simple correlations of the ratio of radionuclide concentrations in particles to those in the surrounding water. This is very different from our approach here, as correlations do not reveal any causal relationships or any specific sorption mechanism and thus do not allow for a rigorous comparison.
Results from laboratory experiments showed enhanced 210 Pb binding in the presence of 100% acid polysaccharides (Quigley et al. 2002) and enhanced 210 Po binding in the presence of proteins (Stewart et al. 2005) . Consistent trends were observed in this study. The K d values of 210 Pb and 210 Po were comparable in inorganic particle treatments but were greatly increased in organic particle treatments (Table 1 ; Fig. 1 There is also a considerable body of literature suggesting that EPS is composed of higher amounts of polysaccharides when algae are under stressed conditions (Myklestad and Haug 1972) . Enhanced K d values of 210 Pb were observed in the ''Cell Si 2 '' treatment compared to ''Cell Si + '' treatment when the concentration of polysaccharides increased. In contrast, slightly reduced K d values of 210 Po in the ''Cell Si 2 '' treatments compared to ''Cell Si + '' treatments might have been due to the decreasing amount of proteins that were found in EPS Si 2 samples. The differences in K d values of 210 Pb and 210 Po might thus reflect a preference of these different radionuclides for specific polysaccharide-or protein-containing compounds.
Diatom frustules are composed of inorganic-organic hybrid materials that contain inorganic silica shells that are templated by attached organic macromolecules (proteins, polysaccharides, long-chain polyamines, and so on). Several kinds of diatom frustule proteins have been identified and well characterized, including frustulins, pleuralins, silaffins, and cingulins, all of which are endowed with silica-forming activity (Krö ger and Poulsen 2008) . Some of them, such as silaffins and cingulins, appear to be entrapped inside the frustule and could be likely well preserved during their transport and export to the deep ocean. This is because they are not easily extracted from frustules, even under harsh extraction conditions (e.g., 2% SDS at 95uC, 8 mol L 21 urea, or 6 mol L 21 guanidinium-HCl at room temperature), as long as the silica remains intact (Scheffel et al. 2011) . These frustule-related biopolymers are likely the main reason that biogenic opal can still be considered a good proxy for predicting radionuclide scavenging in the field, even though pure silica and acid-cleaned frustules are shown here as poor sorbents for all radionuclides tested (Table 1; Fig. 1 ).
While the K d value of 7 Be might look surprisingly high, it has been observed that beryllium forms strong complexes with selected proteins in biological systems, which is also the chemical basis of its strong toxicity (Scott et al. 2008) . Through the study of several biologically relevant small molecule complexes of beryllium, it was discovered that beryllium has a high tendency to displace hydrogen atoms in strong hydrogen bonds (Issartel et al. 1991) . These bonds, often formed between amino acids containing carboxylate and hydroxyl groups, help provide the framework supporting protein structure and function. This could present a potential pathway for beryllium to enter cells with transferrin receptors (Scott et al. 2008) . Further separation and analytical work will have to be done to unravel the actual strong binding sites specific for 7 Be(II) and other radionuclides.
Composition of EPS extracted from P. tricornutum under Si-depleted and Si-replete conditions-From all composition analyses, diatoms cultured under Si-stressed condition resulted in producing higher amounts of polysaccharides but much lower amounts of protein-containing biomolecules. Interestingly, the protein-containing biomolecules showed a large difference in terms of relative amounts in two EPS samples but overall had a similar molecular composition. This could be explained by what was found in genetic studies (Sapriel et al. 2009 ). Si starvation upregulated 13 genes in diatom cells, whereas 210 upregulated genes were induced by Si-sufficient conditions. Among the 13 up-regulated genes under Si-starvation conditions, there are genes involved in carbon acquisition involved in the glyoxylate cycle. Isocitrate lyase, an enzyme involved in the conversion of lipids to carbohydrates, is among the proteins whose expression is strongly up-regulated in the absence of Si in P. tricornutum (Sapriel et al. 2009 ). Among the up-regulated genes in Si-replete conditions, there are genes involved in carbohydrate, amino group, glutamate, and glutamine metabolism as well as related to the S-adenosine methionine cycle, which makes a connection to the metabolism of sulfur (Sapriel et al. 2009 ). These observations support our findings that the EPS Si + sample has a relatively higher amount of proteins and sulfur-containing amino acids, whereas the EPS Si 2 sample is richer in TCHO.
Radionuclide-carrying biomolecules in EPS-Activity distributions of different radionuclide-carrying biomolecules along a pH gradient in the electric field revealed that isoelectric points are unique for the different radionuclides, suggesting that specific organic carrier phases are responsible for the binding of each of the different radionuclides. Previous studies using controlled laboratory experiments have identified uronic acids as the major carrier molecules in the 234 Th-labeled EPS (Quigley et al. 2002) . Alvarado Quiroz et al. (2006) further confirmed that the molecular weight and specific functional group composition of the strongly 234 Thbinding amphiphilic biomolecules can vary, depending on the species of plankton or bacteria, and included carboxylic acid, phosphate and sulfate groups. In the ocean, EPS produced from different species of microorganisms contain a variety of negatively charged functional groups (e.g., carboxyl, phosphoric, sulfate, and hydroxyl) as well as positively charged amino groups and other moieties (Stoodley et al. 2002) , depending on location or environmental conditions. Both primary production and the food web structure of ecosystems can thus be affected in some unique ways by EPS (Underwood and Paterson 2003) . Due to unique differences in EPS composition, different acidic functional groups can, at times, contribute to the binding of 234 Th. Because all radionuclides tested here are present at total concentrations at least a million times lower than those acid functional groups, site occupancy is so low that spectroscopic techniques cannot detect them, and our methods employed here are among the few that are available under these circumstances. Nonetheless, it is clear that the different radionuclides are likely bound to high-energy clustered polydentate chelate complexes present in dissolved or particulate phases, occupying only a very small fraction of these strongest binding sites. While our experimental data are highly suggestive, further molecular-level identification studies are warranted for elucidating the role of these templating diatom frustule biopolymers in the scavenging and fractionation of particle-reactive radionuclides in the ocean.
Implications of EPS for the application of radionuclides as oceanic proxies-Radioisotopic studies (e.g., Th and Pa) have previously suggested that radionuclide-scavenging rates are closely tied to the flux of biogenic CaCO 3 and opal to the deep ocean. However, the chemical mechanisms of this scavenging are still being debated, as most field observations rely heavily on correlations of radiochemical to chemical composition data (inorganic moieties: Chase et al. [2002 Chase et al. [ , 2003 for Th, Pa, and Be nuclides; organic moieties: Stewart et al. [2005] for 210 Po; Xu et al. [2011a] for 234 Th). Many of these studies suggest a close correlation of natural radionuclides with biogenic CaCO 3 or opal rather than total organic matter; for example, CaCO 3 and opal might be good predictors of scavenging of selective radionuclides (e.g., CaCO 3 for Th and SiO 2 for Be), as previously suggested by Chase et al. (2002) . However, we show here that the templating biomolecules and the EPS Fig. 6 . Percentage distribution of (a) proteins (mg g 21 ), (b) total polysaccharides (mg g 21 ), and (c) Fe (mg g 21 ) content in IEF electrophoresis of 234 Th, 233 Pa, 210 Pb, 210 Po, and 7 Be radiolabeled EPS Si + and EPS Si 2 harvested from P. tricornutum grown in seawater media with (Si + ) and without Si (Si 2 ), respectively. present in diatoms as minor organic components, containing specific binding moieties for each radionuclide, can greatly enhance binding of all radionuclides that were studied.
